Background-Whether locomotor muscle afferent neural activity contributes to exercise hyperpnea and symptoms of dyspnea in heart failure (HF) is controversial. We examined the influence of metaboreceptor stimulation on ventilation with and without maintaining end-exercise end-tidal CO 2 levels. Methods and Results-Eleven patients with HF aged 51Ϯ5 years (ejection fraction, 32Ϯ3%; New York Heart Association class, 1.6Ϯ0.2) and 11 age-and gender-matched healthy control participants aged 43Ϯ3 years were studied. Participants underwent 3 steady-state cycling sessions at 60% of peak oxygen consumption for 4 minutes. The first exercise session was a baseline control trial. Bilateral thigh tourniquets were inflated to suprasystolic pressure at end exercise for 2 minutes during 2 of the trials (regional circulatory occlusion) with the addition of inspired CO 2 to maintain end-exercise partial pressure of end-tidal CO 2 during 1 trial (regional circulatory occlusionϩCO 2 ). Minute ventilation was measured continuously throughout each trial. At 2 minutes postexercise during the baseline control trial in patients with HF, minute ventilation was 54% of end exercise, whereas the control group averaged 41% (Pϭ0.11). During regional circulatory occlusion in patients with HF, minute ventilation was 60% of end exercise; however, the control group averaged 35% (PϽ0.001). During regional circulatory occlusionϩCO 2 , the minute ventilation of patients with HF averaged 67% of end exercise, whereas the control group averaged 44% (PϽ0.001). Conclusion-These data suggest that increased afferent neural activity from the large locomotor muscles associated with metabolites generated during exercise contribute to the augmented ventilatory response to exercise in patients with HF. (Circ Heart Fail. 2010;3:212-219.) 
D yspnea is recognized as a leading symptom in patients with chronic heart failure (HF) that often contributes to limitations in activities of daily living. Importantly, a critical link has been established between increased ventilation and worsening prognosis. 1 Although a number of potential mechanisms have been proposed to explain the development of dyspnea, the relationship between minute ventilation and the production of carbon dioxide (V E /VCO 2 slope) has been shown to be a more powerful predictor of morbidity than measures of exercise capacity and central hemodynamics. 2 As such, much attention has been placed on the mechanisms contributing to altered ventilatory drive. 3 A number of neurological mediators associated with pulmonary function and hemodynamics are included. These mediators, such as the pulmonary J receptors associated with lung fluid balance, atrial stretch receptors linked with central hemodynamic overload, and central and peripheral chemoreceptors, all have been implicated in the chronic hyperventilation often noted in HF. [3] [4] [5] [6] [7] [8] 
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Although the specific underlying mechanisms remain unclear, it has been suggested that receptors in the skeletal muscle may contribute to the blood pressure and ventilatory response to exercise in the HF population. This link has spawned the development of the "muscle hypothesis," which relates afferent neural traffic from the skeletal muscle to the cardiopulmonary responses to exercise in patients with HF. 9, 10 This theory suggests that neural traffic from types III and IV (myelinated and unmyelinated, respectively) unencapsulated afferent nerve endings originating in skeletal muscle (embedded in the walls of capillaries, venules, and collagen), which are stimulated by the metabolic by-products of skeletal muscle metabolism (metaboreceptors), may be responsible for the overventilation in HF, particularly during exercise when metabolic function is augmented.
However, previous studies examining the influence of the metaboreflex on ventilatory control have demonstrated conflicting results. The disparate results may be due to differences in muscle groups studied (small forearm versus large locomotor muscles), nonphysiological stimuli of the receptors, or failure in controlling for hypocapnic feedback to the central chemoreceptors because of circulatory occlusion and trapping of metabolic by-products in the area of the skeletal muscle. [11] [12] [13] Thus, controversy remains regarding the role and magnitude of skeletal muscle metaboreceptor action on ventilatory control during exercise in patients with HF.
The purpose of this investigation was to examine the influence of metaboreceptor stimulation on ventilation in patients with HF during exercise with and without controlling for the associated hypocapnia caused by postexercise circulatory occlusion. We hypothesized that patients with moderate HF would demonstrate a greater ventilatory response to metaboreceptor stimulation compared with matched healthy control volunteers after submaximal steady-state cycle ergometry exercise.
Methods

Population Characteristics
Eleven patients with HF from the Mayo Clinic Heart Failure Service and the Cardiovascular Health Clinic (a preventive and rehabilitative center) were recruited (Table 1 ). Inclusion criteria for the patients with HF included history of ischemic or dilated cardiomyopathy, stable HF symptoms (Ͼ3 months), duration of HF symptoms Ͼ1 year, left ventricular ejection fraction Յ35%, body mass index Ͻ35 kg/m 2 , and nonsmoker with a smoking history of Ͻ15 pack-years. Patients were treated with standard optimized medications for HF at the time of the study.
Eleven healthy control participants (CTL) were recruited through advertisement in the surrounding community with attempts to match the HF group for age and gender. Control participants had normal cardiac function without evidence of exercise-induced ischemia and were without history of hypertension, lung disease, or coronary artery disease.
All participants gave written informed consent after being provided a description of study requirements. This study was conducted in accordance with the Declaration of Helsinki and approved by the Mayo Clinic Institutional Review Board; all procedures followed institutional and Health Insurance Portability and Accountability Act guidelines.
Overview of Protocol
All participants underwent 2 days of exercise testing procedures separated by a minimum of 48 hours in an environmentally controlled physiology laboratory. The first day of testing consisted of a maximal exercise test to volitional fatigue (peak oxygen consumption [VO 2peak ]). The second testing day consisted of 3 separate submaximal exercise sessions at 60% of the previously determined maximal oxygen consumption. For both testing days, the participants were asked to avoid strenuous physical activity for 24 hours and refrain from eating or consuming caffeine for 3 hours before arriving at the laboratory for testing. All ventilatory, gas exchange, heart rate (HR), and oxygen saturation data were measured continuously during the maximal exercise test and submaximal exercise sessions. Blood pressure was measured with a manual sphygmomanometer. Before all exercise testing, participants were fitted with a nose clip and standard mouthpiece attached to a PreVent Pneumotach and worn throughout the testing procedure. For maximal exercise testing, all participants were encouraged verbally to continue the exercise protocol to maximal exertion, which was identified as a rating of perceived exertion Ն17 (Borg scale, 6 to 20) or respiratory exchange ratio of Ն1.10.
During the second testing day, all participants completed 3 submaximal exercise sessions of recumbent cycling at an intensity of 60% of the previously determined VO 2peak . Session 1 was the baseline control trial (BL) consisting of 3 minutes of resting data collection followed by 4 minutes of steady-state submaximal cycle ergometry and 5 minutes of passive recovery data collection. Session 2 was the same rest and exercise protocol followed immediately on cessation of exercise by regional circulatory occlusion (RCO) through inflation of bilateral upper-thigh tourniquets to Ϸ20 mm Hg above peak exercise arm systolic blood pressure (SBP) measured during the maximal exercise test. Session 3 was the same rest and exercise protocol followed immediately on cessation of exercise by RCO through inflation of bilateral upper-thigh tourniquets to Ϸ20 mm Hg above peak exercise arm SBP measured during the maximal exercise test with the addition of CO 2 to the inspired air to match end-exercise end-tidal partial pressure of CO 2 (RCOϩCO 2 ). After the BL session, the remaining 2 sessions were conducted in random order (determined by coin flip) to minimize the confounding influence of cumulative exercise. For all resting values, data were averaged over the entire 3-minute period. During exercise, data were averaged over the last 30 seconds of each minute. During the recovery period, data are reported as the average of 10-second intervals.
Measurement of Ventilation and Gas Exchange
VO 2 , VCO 2 , VE, tidal volume, respiratory rate, and partial pressure of end-tidal carbon dioxide (P ET CO 2 ) were measured with a metabolic measurement system through a mouth piece and pneumotach while wearing a nose clip for the entire measurement period (MedGraphics CPX/D). Respiratory exchange ratio was calculated as the VCO 2 divided by the VO 2 . Manual volume calibration was performed with a 3-L syringe, and gas calibration was performed with manufacturer-recommended gases of known concentration. All calibration procedures were accomplished immediately before each testing protocol. Data are presented as meanϮSEM or as n (%). ACE indicates angiotensinconverting enzyme; BMI, body mass index; BSA, body surface area; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
Statistical Analysis
Statistical analysis and graphic presentation were accomplished with SPSS version 12.0 and GraphPad Prism version 4.0, respectively. A priori, a sample size estimate was conducted, an ␣ level of 0.05, means and SD from the existing literature to calculate an effect size (Cohen d), and an estimate of 25% additional participants to account for dropout and test failure. 14, 15 These data indicated a sample size need of 11 participants in each group, based on a 2-tailed hypothesis. No dropouts or test failures occurred during this study, and all data were included in the analyses. Matched-pair analysis (2-tailed paired Student t tests) was used for comparisons between the HF and CTL groups. ANOVA with repeated measures was used to determine statistically significant differences within groups between submaximal exercise sessions (exercise sessionϫtime). Two-way ANOVA with repeated measures also was also used to determine betweengroup differences in the percentage of end-exercise ventilation during postexercise recovery (groupϫtime). Bonferroni post hoc analysis was applied when the F ratio was significant. All data are presented as meanϮSEM.
Results
Population Characteristics
The clinical characteristics of each study group and the medications in use by the participants at the time of the study are shown in Table 1 . There were no significant differences between the groups for age, gender, height, weight, body mass index, or body surface area, although the CTL group tended to be slightly younger. An expected difference between the groups included a lower VO 2peak in the HF patient population (PϽ0.001).
Resting Comparisons
There were no differences in V E (L/min) at rest before the exercise sessions between or within the 2 groups (HF, 13 
End-Exercise Comparisons
Ventilation for both groups at end exercise for each exercise session is shown in Table 2 . Because of the normalization of workload to individual peak work capacities across participants, the HF group had lower exercise V E for all sessions compared with the CTL group. However, the HF group demonstrated a higher V E /VCO 2 with a lower P ET CO 2 for all exercise sessions than did the CTL group, suggesting augmented ventilation for a given level of metabolic work. Within the HF group, tidal volume was lower during the RCO exercise session compared with the BL session (PϽ0.05), and respiratory rate was increased during the RCOϩCO 2 session compared with the BL session (PϽ0.05). End-exercise HR and blood pressure are also shown in Table 2 . The submaximal HR at end exercise was significantly lower in the HF group than in the CTL group for all 3 exercise sessions; however, there was no difference between these measures within either group across the exercise sessions. Similarly, the SBP was significantly lower in the HF group than in the CTL group for all 3 exercise sessions, with no differences within groups across exercise sessions. There were no differences in diastolic blood pressure between and within groups. Table 3 shows ventilatory data for 2 minutes postexercise normalized to individual end-exercise values for each exercise session. The HF group exhibit increased V E during the RCOϩCO 2 session compared with the BL sessions compared with the BL session. There were no differences between and within groups for SBP. There was also no difference between groups for diastolic blood pressure; however, diastolic blood pressure was significantly increased during the RCO and RCOϩCO 2 sessions in both HF and CTL groups compared with the BL session.
Postexercise Comparisons
Absolute and Relative Changes Postexercise
The HF group had an increased V E at the 60-and 70-second postexercise time points during the RCOϩCO 2 session compared with the RCO session ( Figure 1A) .
Interestingly, there were no other differences in absolute V E among the 3 exercise sessions in the HF group during the postexercise period, despite the significant reduction in P ET CO 2 during the RCO session ( Figure 1B ). This finding is in contrast to the CTL group, which demonstrated significantly lower V E between the RCO and BL sessions at nearly all time points during the postexercise measurement period ( Figure 1C ). Furthermore, in the CTL group, there was a significantly lower V E during the RCOϩCO 2 session than in the BL session for 10-second segments between 20 and 80 seconds ( Figure 1C ). The reduced V E during the RCOϩCO 2 session occurred despite maintenance of P ET CO 2 at the level of end exercise ( Figure 1D ). Comparing the V E as a percentage of the end-exercise V E between the HF and CTL groups, there were no differences during the BL exercise session (Figure 2A ). During the RCO session, the HF group had significantly increased V E at the 20-second time point and from 40 seconds to the end of the postexercise measurement period ( Figure 2B) . Similarly, during the RCOϩCO 2 exercise session, the HF group demonstrated significantly increased V E beginning at 40 seconds and continuing throughout the postexercise measurement period ( Figure 2C ).
Discussion
The purpose of this study was to examine the influence of skeletal muscle metaboreceptors on ventilation independent of central chemoreceptor control. The results of this study suggest that compared with a control population (1) patients with HF have a similar decline in postexercise ventilation under normal conditions; (2) during RCO, patients with HF have an attenuated return of ventilation to baseline, suggesting a significant metaboreceptor contribution to ventilation; and (3) during RCOϩCO 2 , when controlling for changes in central chemoreceptor stimulation through maintenance of end-exercise-P ET CO 2 , patients with HF have a greater attenuation of the postexercise return of ventilation to baseline. These results confirm the presence of the metaboreceptor and highlight the significance of their contribution to ventilation in patients with HF.
Patients with HF often display an exaggerated ventilatory response relative to skeletal muscle metabolic production (ie, V E /VCO 2 slope) during physical activity. This overventilation in HF has been linked to poor prognosis, 1, 16 although the precise mechanisms leading to the augmented ventilation remain controversial. 3 Often cited are peripheral neurological mediators acting through heightened neural feedback to the central respiratory centers. 4 -6,17 Recently, the muscle hypothesis has been proposed to suggest that the metaboreceptor is a primary mediator of altered ventilatory control in HF. 18 This hypothesis states that neural traffic from metaboreceptors, types III and IV (myelinated and unmyelinated, respectively) unencapsulated nerve endings originating in the vicinity of skeletal muscle and stimulated by metabolic by-products, is in large part responsible for augmented ventilatory drive in patients with HF. 18
Evidence for Metaboreceptor Contribution to Ventilation
The contribution of a muscle metaboreflex to exercise hyperpnea remains controversial. Two primary approaches have been implemented to study the metaboreflex-reduced arterial inflow during exercise and complete circulatory arrest on the cessation of exercise. The advantages and disadvantages of these techniques have been discussed elsewhere. 19 It is important to note that the technique used in this study allowed for the determination of the influence of metaboreflex activity, by trapping the metabolic byproducts in the vicinity of the metaboreceptors, independent of the central command or the mechanoreflex, despite its use in the postexercise state. In this light, the use of postexercise circulatory occlusion has been used in both animal and human models. Early studies in healthy animals have suggested a significant involvement of metabolic by-products in both the ventilatory and the blood pressure response to exercise. 20 -22 For example, McCloskey and Mitchell 22 stimulated ventral roots of the central nervous system in anesthetized cats, causing tetanic contraction of the hind limb. As expected, this stimulation resulted in increased ventilation and blood pressure. On cessation of contractions and occlusion of the arterial and venous circulation to and from the exercising muscle bed, ventilation and blood pressure remained increased for the duration of the circulatory arrest, despite reduced input from the mechanoreceptor. Furthermore, after severing the dorsal roots, the ventilatory response to the exercise stimulus was reduced by Ϸ50%. These results suggest that metabolites produced during muscular work stimulate afferent sensory nerves and contribute to ventilatory control independent of the mechanoreceptor contribution. Interestingly, further study examining the metaboreflex in healthy humans has demonstrated less consistent results, including increased ventilation, 23, 24 no change in ventilation, 25 and a decrease in ventilation during circulatory occlusion 26 -29 ; however, much of these differences have been attributed to differences in study populations and methodology.
In this study, the healthy CTL participants had a markedly faster return of ventilation to preexercise levels during circulatory occlusion compared with BL (nonocclusion) postexercise recovery. Although the mechanisms remain unclear, a reduction of circulating metabolic byproducts back to the traditional chemoreceptors during occlusion may result in a lack of central stimulation. The magnitude of the reduction in central chemoreceptor stimulation compared with the modest influence of the metaboreflex in healthy individuals may have overshadowed the effect of the metaboreceptor in this population. However, with the addition of CO 2 to the inspirate to clamp end-exercise circulating CO 2 levels, our results show that the reduction in ventilation was not abated, suggesting that the metaboreflex plays a less critical role in ventilatory control in healthy humans.
Metaboreceptor Stimulation in Human HF
The relative contribution of the metaboreceptor and its role in mediating the heightened ventilatory response during exercise in patients with HF also remain controversial. However, the results of this study provide clear evidence for a contributory influence of metaboreflex on ventilation in this population. Specifically, our results suggest that despite the slight reduction in ventilation during circulatory occlusion, the return of ventilation toward baseline was significantly attenuated compared with the CTL participants. Moreover, with the addition of CO 2 to the inspirate to minimize the effect of reduced venous return to the central chemoreceptors during the circulatory occlusion, the participants with HF demonstrated greater abatement in the return of ventilation to baseline compared with the CTL participants. Figure 2 clearly shows these findings by comparing the ventilatory responses during postexercise recovery normalized to the values immediately before the cessation of exercise. Figure 2B illustrates ventilation during circulatory occlusion, whereas Figure 2C demonstrates ventilation during circulatory occlusion with the addition of CO 2 to the inspirate. Our findings are consistent with earlier studies that have examined the metaboreflex contribution to ventilation in HF by using isolated muscle beds. Specifically, we found a greater ventilatory response with the isolated forearm model of exercise in participants with HF than in matched CTL participants. 30 Using the isolated lower-limb dorsiflexion model, Grieve et al 12 found similar results, with the patients with HF exhibiting a greater ventilatory response to circulatory occlusion than the CTL participants. However, Francis et al 11 did not confirm these results with an upright cycle ergometry model in patients with HF. They found no difference in ventilation during the postexercise circulatory occlusion in patients with HF compared with control exercise; however, they used a technique in which the occlusion cuffs were placed on the distal portion of the thighs and, thus, may have failed to engage the entirety of the exercising muscle. This is confirmed by the levels of end-tidal CO 2 being similar between the study conditions, suggesting that the metabolic by-products were not trapped in the vicinity of the metaboreceptor but rather circulated back to the central chemoreceptors and were dissipated as would normally occur. Subsequent work in this area has demonstrated the reproducibility of the postexercise RCO technique both in the isolated muscle group and in locomotor exercise in the HF population and further delineated the contribution of specific metabolites in stimulating the metaboreceptor. 13, 31, 32 As a whole, our results would strongly suggest a clear role for the metaboreceptor in the heightened ventilatory response in patients with HF.
Future Directions
This study examined the influence of metaboreceptor stimulation on ventilation in patients with HF. As such, we did not examine the influence of these receptors on other systems such as the cardiac or vascular systems. Thus, the results of this study are specific to ventilatory control in patients with HF, and future research may be warranted to examine the interaction or similarity between cardiovascular and ventilatory control mechanisms (eg, baroreceptor-metaboreceptor interactions). Despite the modestly reduced ejection fraction in this cohort, the patients in this study were of New York Heart Association classes I to II and thus may slightly underrepresent the impact of the influence of metaboreceptor stimulation on ventilation compared with that which would be observed in sicker patients. Therefore, further research examining the influence of disease severity on metaboreceptor activity is important. In addition, the work intensity chosen was relatively modest in an effort to mimic intensities encountered during activities of daily living. As such, this level of intensity also may tend to underestimate the contribution of this receptor compared with more intense levels of exercise. Moreover, a potential limitation of this study is the relatively small sample size with a slight, but nonsignificant difference in age between the groups; thus, future studies with larger samples with groups more closely matched for age are encouraged to ensure that the underlying assumptions of the analyses hold true. Finally, although the postexercise circulatory occlusion technique allows for the specific determination of the metaboreceptor influence on ventilatory control by excluding the potentially confounding influence of central command and mechanoreceptor effect on the outcome variables, this technique precludes the ability to determine which specific metabolic by-products are responsible for the stimulation of the metaboreceptor. Therefore, there remains a paucity of literature in this area, and it remains important to delineate the specific contributors to metaboreceptor stimulation in an effort to provide more structured targets for individualized therapeutic intervention.
Summary
The results of this study suggest that metaboreceptors located in the interstitial tissue of locomotor muscles contribute to augmented ventilation in the HF population. This resultant increased ventilation may ultimately contribute to the increased work and cost of breathing and further accentuate perceptions of dyspnea and fatigue. Future research in this area is critical because the metaboreflex may represent a novel therapeutic target for individualized patient treatment strategies.
